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C. Finite element analysis (FEA)a b s t r a c t
The transition of delamination growth between different ply interfaces in composite tape laminates,
known as migration, was investigated experimentally. The test method used promotes delamination
growth initially along a 0/h ply interface, which eventually migrates to a neighbouring h/0 ply interface.
Specimens with h = 60 and 75were tested. Migration occurs in two main stages: (1) the initial 0/h inter-
face delamination turns, transforming into intraply cracks that grow through the h plies; this process
occurs at multiple locations across the width of a specimen, (2) one or more of these cracks growing
through the h plies reaches and turns into the h/0 ply interface, where it continues to grow as a delamina-
tion. A correlation was established between these experimental observations and the shear stress sign at
the delamination front, obtained by ﬁnite element analyses.
Overall, the experiments provide insight into the key mechanisms that govern delamination growth
and migration.
 2015 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY license (http://
creativecommons.org/licenses/by/4.0/).1. Introduction
Historically, delamination in composite laminates has been
treated as an individual damage mechanism. Numerous test meth-
ods have been developed for characterizing delamination. The
majority of these methods have common features such as enforce-
ment of delamination initiation and growth at a single unidirec-
tional ply interface and the use of the critical strain energy
release rate for deﬁning a laminate’s interlaminar fracture tough-
ness [1,2]. This has led to several testing standards for characteriz-
ing delamination under quasi-static and cyclic loading conditions
[3–5]. Analysis methods have been developed based on linear elas-
tic fracture mechanics and utilize the measurements of fracture
toughnesses obtained from these standardized tests as the criteri-
on for delamination growth [6,7]. Combined, these experimental
and analytical efforts have led to signiﬁcant advances towards a
practical means for assessing the damage tolerance of composite
structures from a fracture mechanics perspective.
Failure of composite structure involving delamination, howev-
er, typically involves multiple delamination cracks, which often
grow and migrate into different ply interfaces. This behaviour
has been documented in several cases, including low-velocity
impact [8], skin/stiffener debonding [9], delamination growth fromembedded defects and notches [10–12] and non-unidirectional
laminates under shear [13]. Hence, recent work has focused on
accounting for this behaviour to a level suitable for more realistic
delamination growth prediction. For instance, enhancements to
traditional engineering analysis frameworks, such as the extended
[14] and augmented [15] ﬁnite element methods and the phantom
node [16] and ﬂoating node [17] methods may provide a practical
means of simulating damage mechanisms such as delamination
migration, as in [18], which combines the extended ﬁnite element
method and the cohesive elements approach. However, these
methods still require knowledge of the fundamental driving
mechanisms for delamination propagation and migration at non-
unidirectional ply interfaces.
In the literature, two different mechanisms leading to perceived
delamination relocation to a different ply interface are described.
In [11,19], delamination was reported to propagate through the
thickness of a laminate by ‘‘joining up with’’ or ‘‘migrating’’
through pre-existing ply splits, which were caused by the global
loading conditions on the laminate. Other studies [20–22]
observed delamination relocation to other ply interfaces through
a process by which delamination ‘‘propagates out’’ or ‘‘kinks out’’
of the original interface into one of the bounding plies, without
the necessary presence of pre-existing ply splits. This process
was also observed in [19], together with the ﬁrst mechanism
described, of delaminations migrating through pre-existing ply
splits.
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ism, by which delamination turns out of the original interface into
one of the bounding plies, hereafter referred to as ‘‘delamination
migration.’’ Following the terminology used in [23], in the present
work the turning of a delamination into one of the adjacent plies is
referred to as ‘‘kinking’’. The term ‘‘migration’’ is used to refer to
the complete process, by which a delamination propagating at an
interface relocates to another interface. Delamination kinking,
and subsequent migration, can be explained by the micromechan-
ism of crack formation leading to delamination. Delamination is
the result of the coalescence of microcracks formed at a ply inter-
face, perpendicular to the resolved tensile stress [20,24,25]. Under
pure shear or mixed-mode loading conditions, the resolved tensile
stress is oriented out of the laminate plane. Consequently, the
microcracks are angled with respect to the laminate plane and
the resulting delamination tends to propagate out of the plane of
the interface, through the thickness of a laminate [20,26]. The ori-
entation of the resolved tensile stress at the delamination front
determines which of the interfacing plies the microcracks are dri-
ven towards. If the ﬁbre orientation in this ply precludes contain-
ment of the microcracks, migration occurs [20,26]. If, instead, the
ﬁbres are aligned and can block intralaminar fracture, then
delamination stays at the interface, and propagates along the ﬁbre
direction, as demonstrated experimentally in [19,21,22].
The mechanism by which delamination gradually kinks out of
an interface into a ply and migrates to a neighbouring interface
was investigated and explained in detail for a 0/90 ply interface
in [21]. The work describes a new experimental test method,
speciﬁcally intended for investigating the fundamental mechan-
isms driving delamination migration. The test allowed the isolation
of a single delamination migration event, enabling detailed study
of the migration process. This was achieved by the test conﬁgura-
tion, which causes a reversal in the shear stress sign at the
delamination front during specimen loading, so that delamination
propagates at a 0/90 interface before kinking through a stack of
four 90 plies and migrating to a neighbouring interface. The study
involved cross-ply specimens, in order to obtain uniform
delamination migration across the specimen width, creating a
benchmark for advanced modelling techniques [27]. However,
tests conducted in [21] offer only partial insight into migration in
general stacking sequences, due to the focus on cross-ply speci-
mens. Delamination growth in actual composite structures at other
ply interfaces may involve mechanisms that differ from those
observed in [21].
The objective of the present work was to investigate delamina-
tion migration at other 0/h interfaces. To this end, the cross-ply
migration specimen was modiﬁed to study delamination at 0/60
and 0/75 ply interfaces. The specimen stacking sequence was mod-
iﬁed to reduce coupling effects arising from the non-symmetric 0/h
interface. Damage progression was monitored by an X-ray
Computed Tomography technique. The shear stress sign reversal
at the delamination front in the specimen was evaluated by ﬁnite
element analyses with the aim of qualitatively interpreting
experimental observations.2. Experimentation
2.1. Delamination migration test
The delamination migration test was proposed in [21]. A
schematic representation of the test is given in Fig. 1a, together
with an illustration of the setup in Fig. 1b. The original specimen
consists of a cross-ply layup, with a polytetraﬂuoroethylene
(PTFE) ﬁlm insert at an interface between a 0 ply (specimen length
direction) and a stack of four 90 plies, Fig. 2a. The specimen layup,shown in Fig. 2a, was obtained by modifying a baseline layup [21]
such that near the PTFE ﬁlm plane a sequence 0/T/904/0 is
obtained. The test ﬁxture is comprised of an adjustable, rigid base-
plate that enables precise specimen alignment, and variation of the
load offset L, Fig. 1a. The specimen is positioned and clamped at
both ends on the baseplate. A 15 mm-long section of the upper
arm of the specimen (in the delaminated portion) is removed to
allow clamping of the lower arm on the test ﬁxture. Specimens
are loaded on the upper surface in displacement control at quasi-
static loading rates via the piano hinge assembly pictured in
Fig. 1b.
The test functions on the premise that the propensity for kink-
ing of a delamination into the ply below or above a given interface
can be controlled by varying the sign of the shear stress acting at
the delamination front. In the context of the test specimen depict-
ed in Fig. 1, when the delamination length, a, is less than the load
offset, L, the shear stress acts as indicated in Fig. 3a. Therefore, the
resolved principal tensile stress tends to drive delamination
towards the lower 0 ply, ﬁbres of which prevent crack growth
through the ply, yielding delamination growth along the 0/90 ply
interface. The shear stress sign reverses shortly after delamination
growth proceeds past the load-application point (Fig. 3b). The
delamination is now driven towards the upper 90 ply stack
(Fig. 3b), where ﬁbres are unable to contain crack growth through
the stack. This ultimately leads to delamination kinking into this
ply stack and eventually migrating to another ply interface.
Finally, the presence of the 0 ply, above the 90 ply stack, prevents
further migration events through the thickness. Additionally, it is
worth noting that L can control the initial sign of the shear stress.
If L is made smaller than the initial delamination length, a0, the
shear stress will act as indicated in Fig. 3b immediately favouring
migration into the 90 ply stack from the onset.
In the cross-ply specimen [21], the shear stress sign reversal at
the delamination front occurs uniformly across the specimen
width, assuring a uniform delamination migration event, which
can be monitored from the specimen edges. Specimens in the cur-
rent study expand upon this testing method by considering migra-
tion at two different ply interfaces. Details of these new specimens
and testing practices are provided in the following sections.
2.2. Specimens and fabrication
A new stacking sequence (depicted in Fig. 2b) was designed for
the delamination migration specimen, in order to investigate
delamination migration at a 0/h interface. The ﬁbre orientations,
h, studied were 60 and 75, chosen to have equi-spaced angles
from the original 90 ﬁbre orientation towards the 0 direction
used in standard fracture testing. Similar to the original layup,
the new layup was obtained from a baseline stacking sequence,
which was then modiﬁed by repositioning two 0 plies (shown in
Fig. 2b) to obtain a stacking sequence 0/T/h4/0 near the PTFE ﬁlm.
The lower 0 ply near the PTFE ﬁlm enables delamination at the ini-
tial 0/h interface at the beginning of the test, where the shear stress
acts as in Fig. 3a. Once the shear sign changes, the delamination
may kink into the h-oriented ply stack. Delamination migration
occurs once the kinked crack reaches the upper 0 bounding ply,
transitioning into a delamination that grows along the upper h/0
interface. Classical laminated plate theory [28] was used to select
a layup suitable for the test and which minimized unwanted cou-
pling effects. The number of plies in the stacking sequence was
increased to 56, from the original 44-ply layup of [21], to minimize
coupling effects arising from the central non-symmetric stacking
sequence. Extension/bending coupling was kept low to reduce
thermal distortions during curing. Bending/twisting coupling
needed to be minimized, to avoid its unwanted effect on delamina-
tion-front loading conditions. Bending/twisting coupling was
(a) (b)
Fig. 1. Schematic of the delamination migration test setup (a) and specimen in the test ﬁxture (b) (Adapted from [21]).
Fig. 2. Comparison between (a) the original cross-ply stacking sequence used in [21] and (b) the new 0/h stacking sequence employed in the present work. Plies sequence
from left to right is from the lower to the upper surface of the specimen.
(a) (b)
Fig. 3. Effect of shear stress sign at the delamination front at different stages of delamination growth (Redrawn from [21]).
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Table 1
Total number of specimens tested for each ﬁbre angle, h, and load offset, L. Number in
parenthesis indicates number of specimens tested incrementally.
Loading position L/a0
h 0.35 1.0 1.1 1.2 1.3
60 5 (1) 9 (5) 4 4 4
75 4 (1) 7 (1) 4 4 4
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ing stiffness matrix D (as deﬁned in [28]). In the complete laminate
(lower + upper sublaminates) and in the lower sublaminate, D16/
D11 was less than 0.5% for both ﬁbre orientations tested. The upper
sublaminate is balanced and anti-symmetric, and therefore does
not exhibit bending/twisting coupling.
A 326 mm-square panel of each ﬁbre orientation (h = 60 and
75) comprised of IM7/8552 carbon-epoxy tape was manufactured.
The material used had a nominal ply thickness of 0.127 mm. Each
plate contained a central 136 mm-wide strip of 12.7 lm-thick PTFE
ﬁlm, acting as the initial delamination in the specimens. The two
plates were cured in an autoclave, according to the curing cycle
recommended by the material manufacturer [31]. Each plate was
cut in half across the PTFE insert to obtain an initial artiﬁcial
delamination in the specimens. The specimens were nominally
12.7 mm-wide, 145 mm-long and 7.11 mm-thick, with an initial
delamination length, a0 (Fig. 1a), equal to 53 mm.
2.3. Test procedure
The edges of each specimen were covered with a thin layer of
white paint to better visualize delamination growth and kinking
during the tests. A calibrated scale was also applied to each edge
in order to help monitor delamination growth and migration posi-
tion. Tests were conducted using a hydraulic load frame equipped
with a 22 kN load cell. Specimens were loaded in displacement
control, at a rate of 0.127 mm/min. Specimens were unloaded (at
the same rate) after a predetermined amount of delamination
growth and/or migration had occurred. Applied load and machine
crosshead displacement were recorded throughout each test.
Tests were performed with load offsets L = {0.35a0, 1.0a0, 1.1a0,
1.2a0, 1.3a0}, with a0 = 53 mm. Two test procedures were adopted:
single-step and incremental. In the single-step tests, specimens
were loaded until either migration was observed on both lateral
edges of the specimen, or a maximum delamination length of
40 mm from the PTFE insert front was reached. In the incremental
tests, loading of the specimens was stopped at signiﬁcant events,
such as load drops or delamination kinking, previously observed
during the single-step tests, as described in Section 4. The speci-
mens were then unloaded and removed from the test ﬁxture,
inspected and then repositioned in the test ﬁxture for the next
loading step. Incremental tests provided insight into the sequence
of damage events inside the specimen prior to delamination
migration.
2.4. Test matrix
At least four specimens were tested with each load offset for
each ﬁbre angle. Incremental tests were performed on specimens
with load offset L = 1.0a0 and L = 0.35a0. The results obtained from
specimens tested with a load offset L = 1.0a0 are thought to be rep-
resentative of the results from all the cases during which
delamination growth from the PTFE insert front is promoted prior
to migration (L = {1.0a0, 1.1a0, 1.2a0, 1.3a0}). Incremental tests on
specimens with load offset L = 0.35a0 were also conducted, to
investigate the other failure sequence tested, during which migra-
tion occurs from the onset at the PTFE insert front. Table 1 shows
details of the total number of specimens tested and the number
of incremental tests, indicated in parenthesis.
2.5. Inspection methods
Delamination growth and migration were monitored during the
test using a camera on each side of the specimen synchronized
with a specimen’s force–displacement response. The views from
the edge cameras are referred to as ‘‘front side view’’ and ‘‘rear sideview’’. The front side is the side visible in Fig. 1b, such that
delamination propagates from left to right. Specimens were
inspected using X-ray Computed Tomography (CT scan) scanning.
Fracture surfaces of specimens completely tested were inspected
using a Philips XC30 Scanning Electron Microscope (SEM) with
an acceleration voltage of 20 kV. In preparation for SEM inspection,
2–3 nm of gold plating was sputtered onto the specimens’ surfaces.3. Numerical model
Finite element analyses were performed to qualitatively inter-
pret and support the experimental observations. A correlation
was found between the delamination migration location observed
in the experimental tests and the shear stress sign reversal at the
delamination front in the ﬁnite element analysis. Analyses were
performed of specimens with 0/90 interface tested in [22] and of
specimens with 0/75 and 0/60 interfaces tested in this work, using
the commercial code ABAQUS/Standard, version 6.12 [32].
For each specimen type, a 3D solid model of a specimen of total
length 139.7 mm and width of 12.7 mmwas created using ABAQUS
CAE. One layer of eight-node brick elements (ABAQUS type C3D8)
was used for each ply in the stacking sequence, assuming a ply
thickness of 0.127 mm and the number of plies given by the speci-
ﬁc stacking sequence. The model used to investigate the specimen
with 0/75 and 0/60 interfaces tested in this work is shown in Fig. 4.
Details regarding layup and dimensions of the cross-ply specimen
are given in [22] and are omitted here for brevity. A reﬁned mesh
was used in the four plies closer to the delaminated interface,
where element length was halved and was equal to 0.3125 mm.
The mesh was also reﬁned at the specimen lateral edges, to
account for possible edge effects, with elements width ranging
from 0.3175 mm to 0.6207 mm. The orthotropic material proper-
ties for IM7/8552 were taken from [33]: E11 = 161.0 GPa,
E22 = E33 = 11.38 GPa, t12 = t13 = 0.32, t23 = 0.436, G12 = G13 =
5.17 GPa, G23 = 3.98 GPa. A 12.7 mm long section at both ends of
the specimen was constrained by ﬁxing all the translational
degrees of freedom on the top and bottom surfaces, to simulate
idealized clamping conditions in the test ﬁxture, resulting in a spe-
cimen length of 114.3 mm between the clamps. Load was applied
as a ﬁxed vertical displacement of 1 mm to simulate the displace-
ment controlled test conditions. Boundary conditions applied to
the model are depicted in Fig. 4. Analyses were conducted with
the load-application point coincident with the PTFE insert front
(L = a0, Fig. 4). The initial delamination was modelled using ele-
ments with coincident nodes at the 0/h interface. The intact portion
of the specimen was modelled by applying a multipoint constraint
to the nodes at the interface. The main goal of the model was to
investigate the variation of the shear stress sign across the
delamination front with increasing delamination length. To simpli-
fy the analyses, a straight delamination front in the direction of the
specimen width (90 direction) was assumed, which does not pre-
cisely reﬂect the exact experimental conditions. However, this
assumption is believed to be acceptable to obtain qualitative
results, because of the observed negligible curvature of the
delamination front in these specimens prior to migration (as
shown in the X-ray CT images in Section 4.2.1). Ten linear analyses
Fig. 4. Finite element model of the delamination migration specimen with dimensions and boundary conditions.
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equal to a0 and then increasing the delamination length by a dis-
tance Da equal to 2.5, 5, 7.5, 10, 12.5, 15, 20, 30 and 35 mm.
Fig. 4 gives an example of the location of the delamination front
along the specimen, at a distance Da from the PTFE insert front.4. Results and discussion
4.1. Numerical results
Based on the work presented in [21], kinking in the delamina-
tion migration specimens is assumed to be related to the sign of
the component of shear stress, s23, perpendicular to the ﬁbres in
the upper h-oriented ply stack at the delaminating interface.
In the original cross-ply specimens [21], s23 corresponds to the
global shear stress component sxz, illustrated in Fig. 4. At a 0/h
interface, the local shear stress, s23, is oriented as in Fig. 4. For each
analysis, s23 was plotted against the distance y along the delamina-
tion front, in the specimen width direction, going from the front
edge, y = 0, to the rear edge, y = 12.7 mm (Fig. 4), to evaluate the
delamination length, Da, at which sign reversal occurs.
Results are shown in Fig. 5 for each specimen modelled, at a
delamination length Da = 0, 2.5, 5 and 7.5 mm. In Fig. 5, the shear
stress component s23 is normalized by the absolute value of shear
stress in the centre of the specimen at the delamination length
equal to a0, |s23,c|, indicated in Fig. 5. This normalization was per-
formed to evaluate the sign of the shear stress at the delamination
front, regardless of its magnitude. It is assumed that a negative sign
of shear stress promotes delamination growth at the 0/h interface
(Fig. 3a), while a positive sign promotes kinking of the delamina-
tion into the upper h4 ply stack (Fig. 3b). Fig. 5 shows that, for each
h, shear stress is negative, and therefore delamination growth is
favoured, at the beginning of the test (Da = 0 mm) and becomes
positive, favouring kinking, when the delamination length increas-
es. The plots in Fig. 5a show that, at a 0/90 interface, the shear
stress s23 (equivalent to sxz in this case) is uniform across the speci-
men width and shear stress sign reversal occurs uniformly at the
same delamination length. By contrast, at a 0/h interface, the distri-
bution of shear stress at the delamination front varies across the
specimen width, depending upon the ﬁbre angle, as depicted in
Fig. 5b for the 0/75 interface and more clearly in Fig. 5c for the
0/60 interface. Consequently, the shear stress sign reverses at dif-
ferent delamination lengths across the specimen width at a 0/h
interface. This result is highlighted in Fig. 6, which shows the var-
iation of shear stress with increasing delamination length in threepoints across the delamination front, at a distance from the front
edge of the specimen y equal to 1/8, 1/2 and 7/8 of the specimen
width, W. In the case of the 0/90 interface, shear stress does not
vary along the delamination front (the three curves in Fig. 6a are
coincident). For the 0/75 interface, the delamination length at
which shear stress sign reverses starts to differ, as it can be
observed in the detail in Fig. 6b. This difference increases when
the ﬁbre angle, h, decreases, as it is clearly visible in Fig. 6c for
the 0/60 interface. Further details of the numerical results are dis-
cussed in relation to the interpretation of the experimental results,
and are presented in what follows.
4.2. Experimental results
Test results for the two specimen types, containing 0/75 and 0/
60 interfaces, are presented separately. Damage progression as
obtained from incremental tests in specimens loaded at L = a0 is
reported as a reference case. The effect of changing the load offset
is then presented. For each test conﬁguration (specimen type and
load offset, L) the specimen response was generally repeatable
among duplicate tests, therefore for each case only a representative
force–displacement curve is shown. X-ray CT scan images shown
refer to a section parallel to the laminate plane taken at the h-ply
delamination surface at the 0/h interface, unless otherwise
speciﬁed.
4.2.1. Loading point coincident with PTFE insert front
4.2.1.1. 0/75 ply interface. Representative single-step and incre-
mental force–displacement responses of a specimen loaded at a
location coincident with the PTFE insert front are shown in Fig. 7.
For brevity, in Fig. 7, edge views at key stages during testing are
shown only for the incremental test, as they were equivalent to
the single-step tests. The force–displacement response was pre-
dominantly linear up to the maximum force (282 N in the single-
step force–displacement curve, Fig. 7). At this point, an unstable
event took place, corresponding to delamination growth onset
and propagation (between 9 and 12 mm). A small amount of ﬁbre
bridging at the delamination onset at the PTFE insert front was
observed from the edge views. Continued specimen loading yield-
ed a combination of moderately stable delamination growth and
kinking events (visible on the rear edge view), until delamination
migration was completed (details of these processes are presented
later in this Section). These kinking events involved a delamination
turning upwards and propagating part way through the 75 ply
stack, arresting, and propagating back to its original 0/75 ply inter-
face. The kink angle, X, was measured as the angle between the
(a) (b)
(c)
Fig. 5. Shear stress distribution along the specimen width at increasing delamination length, Da, for the three interfaces modelled.
(a) (b)
(c)
Fig. 6. Shear stress as function of the delamination length, Da, at different locations in the specimen width for the three interfaces modelled.
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section of the kinked crack, as shown in Fig. 7. Details of kink angle
measurements are discussed at the end of this Section. Specimen
unloading was slightly non-linear, resulting in a residual machine
crosshead displacement of approximately 0.1 mm.
Details of progression of delamination and migration inside
the specimen were obtained through incremental loading and
X-ray CT scanning of specimens. A sequence of X-ray CT scanimages taken after each of the three loading increments (labelled
I, II and III, Fig. 7) is presented in Fig. 8. Fig. 8 shows that after
initial delamination growth along the 0/75 interface (skimming
the surface of the 0 ply), kinking initiated in the body of the spe-
cimen, in a region approximately between the centre and the rear
edge of the specimen, (see Increment I: Points 1, 2 and 3, Fig. 8).
At these locations, the delamination started to propagate close to,
or just inside, the upper 75 ply at the interface or kinked through
Fig. 7. Force–displacement response of specimens containing a 0/75 interface loaded at L = a0 and edge views at key stages during the test, of the front edge of the specimen
(‘‘Front view’’) and the rear edge of the specimen (‘‘Rear view’’).
Fig. 8. Sequence of X-ray CT scan images of the upper delamination surface at the 0/75 interface resulting from incremental loading of a specimen.
26 M.F. Pernice et al. / Composites: Part A 73 (2015) 20–34the 75 ply stack. The resulting cracks propagated along the 75
ﬁbre direction, towards the rear edge of the specimen, although
they did not reach the rear edge at this stage of testing, which
is conﬁrmed by the Increment I edge views in Fig. 7. The ini-
tiation of kinking occurred at a distance DWk from the front edge
of the specimen ranging between 5 and 10 mm and a distance
Dak from the load-application point ranging between 3.5 and
7 mm (Increment I, Fig. 8). Under further loading, the kinked
cracks propagated towards the rear edge of the specimen along
the 75 ﬁbre direction (Increment II: Point 4, Fig. 8), and addition-
al kinking events took place (Increment II: Point 5, Fig. 8). After
the initial kinking events in the rear side region (Increment I:
Points 1, 2 and 3, Fig. 8), the subsequent kinking events occurred
closer to the front side region of the specimen, as shown by Point
5 in Increment II, Fig. 8. The area close to the front edge of the
specimen (Increment II: Point 6, Fig. 8) was the last part of the
specimen to kink and migrate, which occurred in Point 7, in
Increment III, Fig. 8 (corresponding to the edge view of the same
increment in Fig. 7). Completion of delamination migration in the
rear side region (Increment II: Point 4, Fig. 8) and in the front side
region (Increment III: Point 7, Fig. 8) of the specimen was pro-
duced by two independent kinking events, started at different
locations inside the specimen.X-ray CT scan results were conﬁrmed by SEM inspection of pre-
viously tested specimens. SEM images in Fig. 9 reveal that
delamination propagated close to the lower 0 ply at the interface,
immediately after onset from the PTFE insert front, following the 0
ﬁbre direction. Fig. 9b and c show SEM images of the lower and the
upper delamination fracture surface, respectively, in the area close
to the PTFE insert front. The lower fracture surface is ﬁbre
dominated, and shows ﬁbres from the 0 ply, visible in Fig. 9b,
while the upper fracture surface (75 ply) is matrix dominated,
and shows imprints of the 0 ﬁbres (Fig. 9c). This observation con-
ﬁrms that, at onset, delamination propagated close to the lower
side of the interface, skimming the top of the 0 ply, driven by
the negative shear stress sign. The shear cusps orientation in this
area suggests that delamination propagated along the 0 ﬁbre
direction (see magniﬁed details B and C in Fig. 9b and c, respective-
ly). This behaviour is also evident in the front side region of the
specimen (Fig. 9d), while in the rear side region delamination tran-
sitioned towards the upper ply at the interface and started to pro-
pagate inside the upper ply block, as indicated by the 75 ﬁbres
visible in the microphotograph of the lower fracture surface (0
ply) in Fig. 9e. The transition indicates that the principal stress
plane at the delamination front is oriented so that delamination
is driven towards the upper ply at the interface. An SEM image of
Fig. 9. SEM images of the lower (0) delamination surface (except c) in a specimen containing a 0/75 interface loaded at L = a0.
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Fig. 9f. The orientation of the shear cusps on the kinked crack sur-
face suggests that the kinked crack propagated across the width of
the specimen, following the 75 ﬁbre direction, towards the rear
edge of the specimen. However, this evidence is not conclusive,
as ﬁbre bridging between the surfaces of an intraply crack may
result in local crack growth. Nevertheless, it is worth noticing that
the direction of propagation inferred from the shear cusps and that
obtained by X-ray CT scan are in agreement.
In some cases, kinked cracks propagated in the interior of a spe-
cimen and arrested when they reached the upper 75/0 interface,
without causing delamination at this interface. This is likely
because the local stress state did not favour turning the kinked
crack into the 75/0 interface and/or there was insufﬁcient crack
driving force to initiate delamination. In other cases, the kinked
cracks arrested prior to reaching the upper 75/0 ply interface.
Two possible mechanisms are thought to be responsible for this
behaviour. First, X-ray CT scan (Fig. 8) inspection revealed that
once initiated, kinked cracks propagated along the 75 ﬁbre direc-
tion, which could decrease crack driving force needed to continue
propagating the kinked crack up through the ply stack. Second, the
crack driving force of a kinked crack may diminish as it approaches
near the upper 75/0 ply interface due to the stiffening effect of the
0 ply towards which the kinked crack is headed. Analogous obser-
vations have been made regarding crack growth in a material
towards a stiffer substrate material [34,35].
The results from the numerical model, Figs. 5 and 6, provide fur-
ther insight into the sequence of events, and overall damage mor-
phology, observed in the initial stages of the test. The numerical
results show that, at delamination onset (Da = 0), the shear stress
at the 0/75 interface has a sign (denoted here as negative), which
would tend to drive the delamination towards the lower portion
of the laminate (Fig. 3a). This correlates well with the fractographicobservations, where delamination was seen to skim the 0 ply as it
grew from the PTFE insert front and propagated following the 0
ﬁbre direction.
The distance along the specimen, Dak, between the initiation of
kinking in the interior of the specimen and the load-application
point (Increment I: Point 1, Fig. 8) also correlates well with the
location of the shear stress sign reversal computed by the numer-
ical analysis (Figs. 5b and 6b). This conﬁrms the hypothesis that, as
delamination propagates, the principal stress plane rotates due to
the shear sign reversal, and delamination is driven to propagate
closer to the upper ply at the interface and eventually within it.
It is important to highlight that the numerical results show that,
contrary to the 0/90 interface case, shear sign reversal does not
occur uniformly across the specimen width. Fig. 6b shows that
the shear stress sign reverses at a lower delamination length near-
est the rear edge of the specimen (y = 7/8W), while in the rest of
the specimen width the shear sign has not yet changed, and there-
fore conditions are not favourable for kinking. Once again, this
result correlates well with the observation that the ﬁrst occur-
rences of crack kinking were registered in a portion of the speci-
men between the centre and the rear edge of the specimen
(Increment I, Fig. 8). As the delamination grows, the shear sign
eventually reverses over the entire width of the specimen,
Fig. 5b, indicating delamination migration is favoured across the
specimen width. This result also correlates well with the subse-
quent kinking events, which occured closer to the specimen front
side, upon further loading, (Increment II: Point 5 and Increment
III: Point 7, Fig. 8).
Measurements of kink angle,X (Fig. 7), were taken on the speci-
men edges. Kinking of delamination always initiated gradually
from the 0/75 interface, with a smooth connection to the lower
ply, and terminated suddenly at the next 75/0 interface, (similar
observations were made in the cross-ply specimens [21]). Kink
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54 and 67 on the rear edge. An average kink angle of 61 was
reported in cross-ply migration specimens [21]. In general, the kink
angle on the front edge was greater than that on the rear edge.
However, signiﬁcant scatter in the data (with a standard deviation
equal to 9) precludes the formulation of a meaningful reason for
this difference.4.2.1.2. 0/60 ply interface. Representative single-step and incre-
mental force–displacement responses of a 0/60 specimen loaded
coincident with the PTFE insert front are shown in Fig. 10.
Similar to the 0/75 interface, delamination onset from the PTFE
insert front occurred during an unstable event (starting at the max-
imum load of 257 N in Fig. 10), followed by 5–12 mm of delamina-
tion propagation. As in the 0/75 case, Fig. 7, only edge views from
the incremental test are shown, as they were equivalent to the sin-
gle-step tests. More ﬁbre bridging than in the 0/75 case was
observed on both edges after delamination onset from the PTFE
insert front in all the 0/60 specimens. The specimen response con-
tinued as described in the previous Section, with kinking eventsFig. 10. Force–displacement response of specimens containing a 0/60 interface loaded at
(‘‘Front view’’) and the rear edge of the specimen (‘‘Rear view’’).
Fig. 11. Sequence of X-ray CT scan images of the upper delamination surface at the 0/60 i
shown in Fig. 12.visible on the rear edge before the ﬁnal migration. Specimen
unloading was slightly non-linear, resulting in a residual machine
crosshead displacement of just less than 0.2 mm.
The edge views suggested that delamination propagated differ-
ently along the front and the rear side of the specimen. On the front
edge, delamination seemed to propagate at the 0/60 interface
(Increment II, front view, Fig. 10) until it kinked into the 60 ply
stack (Increment III, front view, Fig. 10) and migrated to the top
60/0 interface (Increment IV, front view, Fig. 10). On the rear edge,
migration (Increment IV, rear view, Fig. 10) was preceded by a ser-
ies of kinking events (Increments II and III, rear view, Fig. 10), after
which the kinked cracks arrested turning back to the original 0/60
interface, and delamination continued to propagate. In the 0/60
specimens, this process was more evident than in the 0/75
specimens.
A sequence of X-ray CT scan images taken after each of the four
loading increments (labelled I, II, III and IV in Fig. 10) is presented
in Fig. 11. After initial unstable delamination growth onset, the
edge views showed that the delamination grew uniformly at the
0/60 interface on both edges of the specimen, (Increment I,L = a0 and edge views at key stages during the test, of the front edge of the specimen
nterface resulting from incremental loading of a specimen. Sections A–A and B–B are
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revealed that, although not visible from the edge views, kinking
events took place at several locations within the specimen, as indi-
cated by Points 1 and 2 in Increment I, Fig. 11. The resulting cracks
propagated along the 60 ﬁbre direction towards the rear edge of
the specimen (similar to what was discussed before for the 0/75
case), but they did not reach the edge at this stage of testing
(Increment I: Point 2b, Fig. 11). The initiation of kinking took place
at a distance DWk from the front edge of the specimen ranging
between 7 and 11 mm and a distance Dak from the load-application
point ranging between 4 and 10 mm (see Increment I, Fig. 11).
Analysing the X-ray CT scan images at consecutive increments
revealed that the kinked cracks formed inside the specimen and
propagated along the 60 ﬁbre direction towards the rear edge of
the specimen (Increments I and II: Point 2b, Fig. 11) until they
became visible on the rear edge (Increment II, rear view, Fig. 10).
Further loading caused additional kinking events in the rear side
region of the specimen (Increments II, III and IV: Points 3–6,
Fig. 11), which were also visible on the rear edge (see Increment
III, rear view, Fig. 10). This result differs from the 0/75 case, where
kinking events were observed at the rear side initially, and progres-
sively closer to the front side upon further loading. Instead, in the
0/60 case, the delamination surface observed through X-ray can be
divided in two regions exhibiting different features: a ‘‘front side
region’’, exhibiting lines aligned to the 0 ﬁbre direction, and a
‘‘rear side region’’, characterized by oblique lines, aligned to the
60 ﬁbre direction (Increment IV, Fig. 11). This observation can
be correlated to a higher variation in shear stress across the width
present in the 0/60 specimens (Fig. 5c) which leads to the shear
sign reversing ﬁrst in the rear side region. This provides further
evidence of the direct correlation between the inversion of the sign
of the shear component s23 and propensity for migration.
As in the 0/75 and 0/90 [21] case, kinking of delamination initi-
ated gradually from the 0/60 interface, with a smooth connection
with the lower ply, and terminated suddenly at the next 60/0 inter-
face. Also similar to the 0/75 case, often kinked cracks arrested
within the 60 ply stack, before reaching the upper 60/0 interface,
or when they reached the upper 60/0 interface, without causing
delamination at this interface (the mechanisms described in the
previous section are thought to also be responsible for the
observed behaviours). Delamination on the rear side region contin-
ued to propagate skimming the 60 ply stack and kinking through
it (Increment IV: Point 7, Fig. 11). Ultimately, delamination migrat-
ed to the upper 60/0 interface in the rear side region of theFig. 12. Longitudinal sections showing the kinked cracks in the front (a) and in the respecimen, when one of the kinked cracks caused delamination
onset at the new interface (Increment IV: Point 8, Fig. 11). This cor-
responds to the rear edge view in the same increment in Fig. 10. In
the front side region, delamination propagated almost uniformly at
the 0/60 interface, skimming the lower 0 ply, until one single
kinking event (Increment IV: Point 9, Fig. 11) and subsequent
delamination migration took place, as appeared in the front edge
view corresponding to Increment IV in Fig. 10. As observed in the
0/75 case, completion of delamination migration across the speci-
men was produced by two independent kinking events in the front
side region (Increment IV: Point 9, Fig. 11) and in the rear side
region (Increment IV: Point 8, Fig. 11) of the specimen.
Fig. 12 shows two X-ray CT images of the specimen along its
length direction, in the front side region (Fig. 12a) and in the rear
side region (Fig. 12b) of the specimen. These images correspond
to section A–A and section B–B in Fig. 11 (Increment IV). Details
in the ﬁgure show that the kinked cracks in the two regions of
the specimen have a different proﬁle. Kink angle ranged between
45 and 60 on the front edge and between 50 and 70 on the rear
edge. An average kink angle of 61was reported in cross-ply migra-
tion specimens [21]. In general, the kink angle on the front edge
was smaller than that on the rear edge, which is in opposition to
that which was observed in the 0/75 specimens. In Fig. 12a, the
ﬁbre bridging observed on the specimen edges at the delamination
onset (as described at the beginning of this Section) is also visible.
Fig. 12b provides a detail of the proﬁle of the arrested kinked
cracks in Points 4, 5 and 6 at Increment IV in Fig. 11 in the rear side
region of the specimen, before migration was completed.
4.2.2. Effect of load-application point on damage events (0/60 and 0/75
ply interfaces)
Variation of the load-application point along the specimen has a
similar effect on the two ply interfaces tested. Representative
force–displacement responses of specimens loaded at load offset
L = {0.35a0, 1.1a0, 1.2a0, 1.3a0} are shown in Figs. 13 and 14 of spe-
cimens containing a 0/75 and a 0/60 interface, respectively. Figures
also contain images of edge views of specimens at key stages dur-
ing testing. Figs. 15 and 16 show X-ray CT images of specimens
tested at each load offset, containing a 0/75 interface and a 0/60
interface, respectively.
In general, specimen response, delamination propagation and
migration mechanisms were similar to those observed in speci-
mens loaded at L = a0. All the specimens exhibited delamination
growth prior to migration, except those loaded on the delaminatedar (b) region of the specimen in the locations indicated in Increment IV, Fig. 11.
Fig. 13. Force–displacement response of specimens containing a 0/75 interface tested at load offset (a) L = 0.35a0, (b) L = 1.1a0, (c) L = 1.2a0 and (d) L = 1.3a0 and edge views at
key stages during the test.
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kinking from the beginning of the test. Specimens loaded with load
offsets L = 1.2a0 and L = 1.3a0 exhibited a small load drop, Point (I)
in Figs. 13c, 13d, 14c and 14d, (not observed in case of L = 1.1a0 in
Figs. 13b and 14b) followed by a region of stable delamination
growth, during which load continued to increase up to a maxi-
mum, before the main unstable event took place. The region of
stable delamination propagation corresponded to 9–11 mm of
delamination growth. During the initial phase of stable propaga-
tion, delamination tended to gradually turn towards the lower
ply at the interface, because of the effect of the shear stress. As
delamination was driven towards the 0 ply, it produced bundles
of ﬁbres which bridged the two plies at the interface, similar to
those shown in Fig. 12a in a section close to the front edge of a spe-
cimen loaded at L = a0. At higher load offsets, the ﬁbre bridging
extended from the PTFE insert front beyond the load-application
point, where the shear stress sign reverses. The bridging ﬁbres cre-
ated resistance to delamination propagation which resulted in a
continued increase of load during the stable delamination growth.
Examples of this apparent resistance effect can be seen between
Points (I) and (II) in Figs. 13d and 14d. Figs. 15 and 16 compare
the X-ray images of the interfaces as a function of the load offset,
L, for the specimens containing 0/75 and 0/60 interfaces, respec-
tively. The migration locations on the specimen edges are labelled
‘‘F’’ and ‘‘R’’. As in case of specimens tested at load offset L = a0,
migration on the specimen edges was caused by independent kink-
ing events, that started at different locations inside the specimen.
Analysing both ﬁgures, it is evident that increasing the load offset,L, leads to an increase in the distance between migration location
and the PTFE insert front. In some of the specimens tested with a
load offset greater than a0, kinking was visible only on the rear
edge of the specimen and not on the front edge before the test
was stopped, as can be seen in point B in Figs. 15e and 16d. In these
cases, X-ray CT inspection showed that kinking occurred inside the
specimen, away from the edges.
For specimens loaded at L = 0.35a0, kinking and migration
were observed directly at the location of the PTFE insert front.
Migration was initially visible on the front edge of the specimen,
(Point (I) in Figs. 13a and 14a). In specimens containing a 0/75
interface, upon further loading, migration was observed on the
rear side of the specimens (Point (II) in Fig. 13a). In specimens
containing a 0/60 interface, stable delamination growth was
observed on the rear edge of the specimen (Point (II) in
Fig. 14a), prior to completely migrating (Point (III) in Fig. 14a).
SEM images of a specimen containing a 0/60 interface and loaded
at L = 0.35a0 are shown in Fig. 17. Images reveale that, in the rear
side region, delamination propagated within the upper ply at the
interface from the onset (PTFE insert front). Evidence of this is
provided by the ﬁbres oriented at 60 visible on the lower
delamination surface (0 ply) in the rear side region of the speci-
men in Fig. 17a (locations shown in Fig. 17b–f are indicated in
Fig. 17a). The image also shows the kinked crack directly at the
PTFE insert front location. This result is in agreement with the
shear stress sign, which tends to drive delamination towards
the upper ply at the interface from the start of the test in this
loading condition. Higher magniﬁcation images of the 0/60
Fig. 14. Force–displacement response of specimens containing a 0/60 interface tested at load offset (a) L = 0.35a0, (b) L = 1.1a0, (c) L = 1.2a0 and (d) L = 1.3a0 and edge views at
key stages during the test.
Fig. 15. X-ray CT scan images of the upper delamination surface of specimens containing a 0/75 interface tested at load offset (a) L = 0.35a0, (b) L = a0, (c) L = 1.1a0, (d)
L = 1.2a0, (e) L = 1.3a0.
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Fig. 16. X-ray CT scan images of the upper delamination surface of specimens containing a 0/60 interface tested at load offset (a) L = 0.35a0, (b) L = a0, (c) L = 1.1a0, (d)
L = 1.2a0, (e) L = 1.3a0.
Fig. 17. SEM images of the lower (0) delamination surface in a specimen containing a 0/60 interface tested at load offset L = 0.35a0.
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shown in Fig. 17b, near the PTFE insert front, and in Fig. 17c and
d in the location indicated in Fig. 17a. Fig. 17e and f show SEM
images of the kinked crack inside the specimen in the rear side
region, and on the front edge, respectively. The shear cuspsorientation along the kinked crack, along with evidence from
the X-ray CT scan inspection, suggests that kinking occurs in
the interior of the specimen and the kinked crack propagates in
the specimen width along the h ﬁbre orientation towards the
edges of the specimen.
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A delamination migration test was combined with a novel spe-
cimen design to investigate delamination propagation and migra-
tion at generic 0/h ply interfaces. Specimens containing a 0/60
and 0/75 ply interface were studied. The main characteristics of
delamination migration at a 0/h interface can be summarized as
follows:
1. Shear stress sign: kinking of delamination out of the initial 0/h
interface is only possible if the sign of the component of the
interlaminar shear stress in the direction transverse to the
h-oriented ﬁbres is such that the delamination is driven into
the h ply. The favourable sign of the shear stress is a condition
necessary for migration.
2. Shear stress distribution: shear stress distribution along the
delamination front at a 0/h interface is not uniform, but varies
across the specimen width, depending on the ﬁbre angle, h, at
the interface. Therefore, as delamination propagates, rotation
of the principal stress and, ultimately, the shear stress sign
reversal, varies across the specimen width.
3. Delamination propagation: delamination growth at the 0/h inter-
faces studied tends to grow closer to the lower 0 bounding ply.
4. Kinking: kinking initiates in the specimen in a location which
depends upon the shear stress distribution, and, therefore, upon
the ﬁbre angle. Once delamination kinks out of the 0/h interface,
it can propagate through the entire h-oriented ply stack or turn
back to the original interface, depending on which option is
energetically favourable. The kinked cracks propagate along
the ﬁbre direction in the h-oriented ply stack.
5. Migration: delamination migration is achieved by multiple
independent kinking events across the specimen width, which
start in the interior of the specimen and propagate towards
one of the edges and through the thickness of the specimen,
ultimately leading to the relocation of the delamination at a
new interface.6. Concluding remarks
Correlation between the numerical results and experimental
observations demonstrates that the shear stress sign at the
delamination front, combined with the ﬁbre direction of the
bounding plies, dictates whether delamination will propagate near
the interface along the ply direction, or migrate through the neigh-
bouring ply. Furthermore, it was observed that delamination
propagation at a non-unidirectional ply interface does not proceed
precisely at the midplane of the interface, but it tends to grow clo-
ser to one of the bounding plies, depending on the sign of the shear
stress. These results demonstrate that the migration process is
inherent to delamination between plies of dissimilar orientation,
and it may thus be necessary to account for it in the simulation
of damage propagation in tape laminates. Experimental results
presented here provide validation data for modelling strategies
aimed at capturing delamination migration.
The knowledge acquired through this work can be extended to
other cases where delamination migration is known to occur in a
similar manner, such as skin/stringer structural elements subject-
ed to ﬂexural loading or the ‘‘spiral stair case’’ damage conﬁgura-
tion in composite laminates subjected to low-velocity impact.
Furthermore, better understanding and simulation of delamination
propagation and migration at non-unidirectional ply interfaces can
be exploited in damage tolerant design, where migration can be
promoted to stop or re-direct delamination, or as an energy dissi-
pating mechanism.Acknowledgements
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